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discrete inorganic SBUs, the infinite inorganic
rod-type SBUs were also used to synthesize
isostructural MOF-74 [Zn2(DOT); DOT =
dioxidoterephthalate] (54) using divalent metal
ions such as Mg, Co, Ni, and Mn (fig. S8) (55).

Exceptionally Large Pore Apertures
Pore openings ofMOFs are typically large enough
(up to 2 nm) to accommodate small molecules,

but rarely are they of appropriate size to permit
inclusion of large molecules such as proteins.
The best way to increase pore apertures is to use
infinite rod-shaped SBUswith linkers of arbitrary
length providing periodicity in the other two di-
mensions, which does not allow for interpene-
trating structures. This strategy was implemented
by expanding the original phenylene unit ofMOF-74
[M2(DOT); M

2+ = Zn, Mg] structure (54) to 2, 3,

4, 5, 6, 7, 9, and 11 phenylene units [DH2PhDC4–

toDH11PhDC4–, respectively; Fig. 2B, Fig. 3D, and
figs. S1B and S8] (22). Crystal structures revealed
that pore apertures for this series of MOF-74 struc-
tures (termed IRMOF-74-I to IRMOF-74-XI) ranged
from 14 to 98 Å. The presence of the large pore
apertures was also confirmed by transmission elec-
tron microscopy (TEM) and scanning electron
microscopy (SEM) observation as well as argon
adsorption measurements of the guest-free mate-
rials. As expected, the pore aperture of IRMOF-74-
IX is of sufficient size to allow for green fluorescent
protein (barrel structure with diameter of 34 Å
and length of 45 Å) to pass into the pores without
unfolding. More important, the large pore aperture
is of benefit to the surface modification of the pores
with various functionalities without sacrificing the
porosity (22).Anoligoethyleneglycol–functionalized
IRMOF-74-VII [Mg2(DH7PhDC-oeg)] allows in-
clusion of myoglobin, whereas IRMOF-74-VII
with hydrophobic hexyl chains showed a negli-
gible amount of inclusion.

High Thermal and Chemical Stability
Because MOFs are composed entirely of strong
bonds (e.g., C-C, C-H, C-O, andM-O), they show
high thermal stability ranging from 250° to 500°C
(5, 56–58). It has been a challenge to make chem-
ically stable MOFs because of their susceptibility
to link-displacement reactions when treated with
solvents over extended periods of time (days). The
first example of aMOFwith exceptional chemical
stability is zeolitic imidazolate framework–8 [ZIF-
8, Zn(MIm)2;MIm–=2-methylimidazolate],which
was reported in 2006 (56). ZIF-8 is unaltered after
immersion in boilingmethanol, benzene, andwater
for up to 7 days, and in concentrated sodium
hydroxide at 100°C for 24 hours.
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Fig. 4. Progress in the synthesis of ultrahigh-porosity MOFs. BET surface areas of MOFs and typical
conventional materials were estimated from gas adsorption measurements. The values in parentheses
represent the pore volume (cm3/g) of these materials.

Table 1. Typical properties and applications of metal-organic frameworks. Metal-organic frameworks exhibiting the lowest and highest values
for the indicated property, and those reported first for selected applications, are shown.

Property or application Compound Achieved value or year of report Reference
Lowest reported value

Density MOF-399 0.126 g/cm3 (21)
Highest reported value

Pore aperture IRMOF-74-XI 98 Å (22)
Number of organic linkers MTV-MOF-5 8 (7)
Degrees of interpenetration Ag6(OH)2(H2O)4(TIPA)5 54 (23)
BET surface area NU-110 7140 m2/g (20)
Pore volume NU-110 4.40 cm3/g (20)
Excess hydrogen uptake (77 K, 56 bar) NU-100 9.0 wt% (24)
Excess methane uptake (290 K, 35 bar) PCN-14 212 mg/g (25)
Excess carbon dioxide uptake (298 K, 50 bar) MOF-200 2347 mg/g (17)
Proton conductivity (98% relative humidity, 25°C) (NH4)2(ADP)[Zn2(oxalate)3]·3H2O 8 × 10−3 S/cm (26)
Charge mobility Zn2(TTFTB) 0.2 cm2/V·s (27)
Lithium storage capacity (after 60 cycles) Zn3(HCOO)6 560 mAh/g (28)

Earliest report
Catalysis by a MOF Cd(BPy)2(NO3)2 1994 (29)
Gas adsorption isotherm and permanent porosity MOF-2 1998 (12)
Asymmetric catalysis with a homochiral MOF POST-1 2000 (31)
Production of open metal site MOF-11 2000 (30)
PSM on the organic linker POST-1 2000 (31)
Use of a MOF for magnetic resonance imaging MOF-73 2008 (32)
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synthesize the rest of the series in gram quanti-
ties and 50 to 95% yield [(22), section S3]. The
phase purity of each material was confirmed by
the singular nature of its needle-like crystal mor-
phology as observed in the scanning electron
microscopy (SEM) images [(22), section S3]. The
materials are highly crystalline, as demonstrated
by their sharp powder x-ray diffraction peaks
(Fig. 2). However, repeated attempts to produce
crystals of the IRMOFs sufficiently large for
single-crystal x-ray analysis were unsuccessful.
Comparison of the experimental PXRD patterns
with those calculated from the crystal models is
in good agreement with regard to both posi-
tions and the relative intensities of the peaks. The
predicted IRMOF-74 structures were ultimately
validated with the Rietveld refinements per-

formed for IRMOF-74-II to -VII (Fig. 2, A to H,
respectively). The structural parameters were
refined against the PXRD patterns collected with
a synchrotron source, resulting in satisfactory
residuals (table S2) [(22), section S4]. IRMOF-
74-IX and -XI display broad peaks in their PXRD
patterns—indicative of small crystals—a situa-
tion that precludes distinguishing the peaks with
low intensities in the high-angle area. Further-
more, a possible lessening in the extent of order
within the pore walls cannot be ruled out because
these members of the series are constructed from
extremely long organic links with long alkyl
chains in which disorder and flexibility of the
links are more pronounced. Although the qual-
ity of the diffraction patterns for these members
does not allow us to perform a meaningful full

structural refinement (Rietveld), the patterns
clearly show the most intense diffraction peaks,
corresponding to the largest d-spacings, at their
expected 2q positions. Accordingly, we carried
out Pawley refinements in order to obtain their
unit cell information. Low convergence residuals
were achieved in the refinements of both com-
pounds, and the agreement of the measured and
model-calculated cell parameters indicated the
formation of the targeted crystal structures (tables
S2 and S3) (22).

Visualizing the pores of MOFs by means of
EM presents a considerable challenge because of
their sensitivity to the electron beam. We exam-
ined members of this IRMOF-74 series with
low-voltage high-resolution SEM (LV-HRSEM)
(IRMOF-74-VII) and high-resolution transmis-
sion EM (HRTEM) (IRMOF-74-VII and IX). Pre-
liminary results showed that we could clearly
visualize the arrangement and the size of the pores
in specimens of the crystals of those IRMOFs
(Fig. 2, I to K). Ordered pores arranged in a
hexagonal formation were resolved through both
techniques, and the pore metrics are in agreement
with those determined from x-ray crystallogra-
phy. Through theHRTEMexperiments, six-sided
rings were observed when the incident electron
beam was positioned along the c axis and thus
parallel to the pore channels. Fast Fourier trans-
form (FFT) analysiswas performed on the centered
square areas in the HRTEM images of IRMOF-
74-VII and -IX (Fig. 2, J and K, insets). Six re-
flection spots corresponding to the 110 reflections
were resolved from the FFT patterns, from which
the d-spacing was measured (3.95 and 5.57 nm
for IRMOF-74-VII and -IX, respectively). These
values are in good agreement with the d-spacing
values derived from the x-ray crystal structure
analysis (4.59 and 5.69 nm for IRMOF-74-VII
and -IX, respectively). The small deviations from
x-ray crystal analysis can be attributed to the
broad spot in the FFT analysis and the ultra-high
vacuum condition used in the HRTEM experi-
ment. Furthermore, through the HRTEManalysis
images of the channel direction (c axis) were ob-
served by placing the incident electron beam per-
pendicular to the channels [(22), section S5].

The unit cell, void volume, and pore aperture
cover a wide range as the size of the organic link
is increased (table S4). The void volume calcu-
lated by using the crystal structure data increased
from 49 to 85% for the parent IRMOF-74-I to -XI.
The pore aperture is defined as the length of
the diagonal and the distance between the two
opposite edges in the regular hexagonal cross
section (Fig. 3A, atom-to-atom distance). This
method is consistent with that previously used
for referring to the pore aperture, and it was de-
ployed here to facilitate comparison with reported
values (2, 26). The diagonal dimension of the
pore aperture, based on the refined unit cell, in-
creased from 19 Å in IRMOF-74-II to 98 Å in
IRMOF-74-XI, with a discrete increment of near-
ly 6 Å as each phenylene unit was added. Fur-
thermore, upon the addition of each phenylene

Fig. 3. Crystal structures of IRMOF-74 series. (A) Perspective views of a single one-dimensional channel
shown for each member of IRMOF series, starting from the smallest (top right). Pore aperture is described
by the length of the diagonal and the distance between the two opposite edges in the regular hexagonal
cross section. Hexyl chains as well as hydrogen atoms are omitted for clarity. C atoms are shown in gray, O
atoms in red, Mg atoms in blue, and Zn atoms in green. (B) Perspective side view of the hexagonal
channel, showing the ring of 282 atoms (highlighted in gold) that define the pore aperture of the largest
member of the series, IRMOF-74-XI.
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synthesize the rest of the series in gram quanti-
ties and 50 to 95% yield [(22), section S3]. The
phase purity of each material was confirmed by
the singular nature of its needle-like crystal mor-
phology as observed in the scanning electron
microscopy (SEM) images [(22), section S3]. The
materials are highly crystalline, as demonstrated
by their sharp powder x-ray diffraction peaks
(Fig. 2). However, repeated attempts to produce
crystals of the IRMOFs sufficiently large for
single-crystal x-ray analysis were unsuccessful.
Comparison of the experimental PXRD patterns
with those calculated from the crystal models is
in good agreement with regard to both posi-
tions and the relative intensities of the peaks. The
predicted IRMOF-74 structures were ultimately
validated with the Rietveld refinements per-

formed for IRMOF-74-II to -VII (Fig. 2, A to H,
respectively). The structural parameters were
refined against the PXRD patterns collected with
a synchrotron source, resulting in satisfactory
residuals (table S2) [(22), section S4]. IRMOF-
74-IX and -XI display broad peaks in their PXRD
patterns—indicative of small crystals—a situa-
tion that precludes distinguishing the peaks with
low intensities in the high-angle area. Further-
more, a possible lessening in the extent of order
within the pore walls cannot be ruled out because
these members of the series are constructed from
extremely long organic links with long alkyl
chains in which disorder and flexibility of the
links are more pronounced. Although the qual-
ity of the diffraction patterns for these members
does not allow us to perform a meaningful full

structural refinement (Rietveld), the patterns
clearly show the most intense diffraction peaks,
corresponding to the largest d-spacings, at their
expected 2q positions. Accordingly, we carried
out Pawley refinements in order to obtain their
unit cell information. Low convergence residuals
were achieved in the refinements of both com-
pounds, and the agreement of the measured and
model-calculated cell parameters indicated the
formation of the targeted crystal structures (tables
S2 and S3) (22).

Visualizing the pores of MOFs by means of
EM presents a considerable challenge because of
their sensitivity to the electron beam. We exam-
ined members of this IRMOF-74 series with
low-voltage high-resolution SEM (LV-HRSEM)
(IRMOF-74-VII) and high-resolution transmis-
sion EM (HRTEM) (IRMOF-74-VII and IX). Pre-
liminary results showed that we could clearly
visualize the arrangement and the size of the pores
in specimens of the crystals of those IRMOFs
(Fig. 2, I to K). Ordered pores arranged in a
hexagonal formation were resolved through both
techniques, and the pore metrics are in agreement
with those determined from x-ray crystallogra-
phy. Through theHRTEMexperiments, six-sided
rings were observed when the incident electron
beam was positioned along the c axis and thus
parallel to the pore channels. Fast Fourier trans-
form (FFT) analysiswas performed on the centered
square areas in the HRTEM images of IRMOF-
74-VII and -IX (Fig. 2, J and K, insets). Six re-
flection spots corresponding to the 110 reflections
were resolved from the FFT patterns, from which
the d-spacing was measured (3.95 and 5.57 nm
for IRMOF-74-VII and -IX, respectively). These
values are in good agreement with the d-spacing
values derived from the x-ray crystal structure
analysis (4.59 and 5.69 nm for IRMOF-74-VII
and -IX, respectively). The small deviations from
x-ray crystal analysis can be attributed to the
broad spot in the FFT analysis and the ultra-high
vacuum condition used in the HRTEM experi-
ment. Furthermore, through the HRTEManalysis
images of the channel direction (c axis) were ob-
served by placing the incident electron beam per-
pendicular to the channels [(22), section S5].

The unit cell, void volume, and pore aperture
cover a wide range as the size of the organic link
is increased (table S4). The void volume calcu-
lated by using the crystal structure data increased
from 49 to 85% for the parent IRMOF-74-I to -XI.
The pore aperture is defined as the length of
the diagonal and the distance between the two
opposite edges in the regular hexagonal cross
section (Fig. 3A, atom-to-atom distance). This
method is consistent with that previously used
for referring to the pore aperture, and it was de-
ployed here to facilitate comparison with reported
values (2, 26). The diagonal dimension of the
pore aperture, based on the refined unit cell, in-
creased from 19 Å in IRMOF-74-II to 98 Å in
IRMOF-74-XI, with a discrete increment of near-
ly 6 Å as each phenylene unit was added. Fur-
thermore, upon the addition of each phenylene

Fig. 3. Crystal structures of IRMOF-74 series. (A) Perspective views of a single one-dimensional channel
shown for each member of IRMOF series, starting from the smallest (top right). Pore aperture is described
by the length of the diagonal and the distance between the two opposite edges in the regular hexagonal
cross section. Hexyl chains as well as hydrogen atoms are omitted for clarity. C atoms are shown in gray, O
atoms in red, Mg atoms in blue, and Zn atoms in green. (B) Perspective side view of the hexagonal
channel, showing the ring of 282 atoms (highlighted in gold) that define the pore aperture of the largest
member of the series, IRMOF-74-XI.
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of a MOF material [Co8-MOF-5, Zn3.68Co0.32O(BDC)3-
(DEF)0.75], which was found to have much lower capa-
citance than commercial activated carbon.11 In the
present report, we show that the ability to design

nMOFs has led us to overcome these challenges and
ultimately access nMOF based supercapacitors with
superior performance.

RESULTS

Our construct for incorporating nanocrystals of
MOFs into supercapacitors is illustrated in Scheme 1.
It is based on a coin-type device composed of films
made from nMOFs doped with graphene. The films are
placed on both sides of a separator membrane and
soaked by a solution of an electrolyte. It is expected
that by charging the device, the positive and negative
ions of the electrolyte move in opposite directions
through the separator and into the MOF pores. During
discharge, the ions migrate out of the pores and the
electrons flow out of the device. MOFs would performScheme 1. Construct for nMOF Supercapacitors

Figure 1. Scanning electronmicroscopy (SEM) images of the nMOFs (scale bar: 500 nm). Insets are crystal structures for each
of the nMOFs. Key: A, BDC, 1,4-benzenedicarboxylate; B, NH2-BDC; C, Br-BDC; D, (Cl)2-BDC; E, (NO2)-BDC and F, C4H4-BDC;
M3M-, Co0.82Mg0.42Ni0.76; M5M-, Co0.54Mg0.27Ni0.60Zn0.34Mn0.35; M7M-, Co0.23Mg0.13Ni0.20Zn0.16Mn0.16Fe0.11Cd0.03.
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In order to improve the intrinsic color properties of the
pristine material, we introduced a narrow-band, red emission
component into this system via Eu3+ doping. First, simulated
spectra were generated by summing SMOF-1 and Eu3+ spectra,
at excitation wavelengths of 350, 360, and 380 nm, respectively.
Then, the amplitudes of each spectrum were varied to find the
optimal color properties. The results of these simulations were
then used to guide our experimental doping levels in SMOF-1.
Eu3+ was successfully doped at three concentrations into the

SMOF-1 framework by the addition of a Eu metal source as a
starting reagent; the eight-coordinated In site in SMOF-1
enables the introduction of large rare-earth ions like Eu. In a
typical doping experiment, the amount of In was kept the same
as that for the pristine SMOF-1, and additional Eu amounts
equivalent to 2.5, 5, and 10% of the total mmol In
concentration were included in the starting mixture. These
are translated into actual 2.4, 4.8, and 9% total Eu partitioning
with respect to In. However, for simplification of nomenclature,
they are further referred to as 2.5, 5, and 10% Eu-doped SMOF-
1. A maximum of 10% in-framework substitution of Eu for In
was accomplished, as confirmed by SEM-EDS analyses (Figures
S5, S6). Unit cell refinement of the 10% Eu-doped SMOF-1
sample reveals enlarged unit cell parameter dimensions of
34.57(6) Å, compared to 33.975(3) Å for the pristine sample,
indicative of the in-framework substitution. Additionally,
preliminary in situ temperature programmed XRD experiments
on this sample indicate the formation of In2O3 and EuInO3
phases (Figure S7); this finding may prove to be an attractive
methodology for obtaining well dispersed lanthanide-based
oxide mixtures.
PL spectra were collected for all three targeted concen-

trations of Eu-doped SMOF-1. Figure 4a shows a plot of
calculated and experimental CCTs and CRIs for 2.5, 5, and
10% Eu-doped SMOF-1; the best values of CRI and CCT fall
along or below the dashed line in the plot. The filled squares
along this line correspond to the experimental values obtained
from the 2.5, 5, and 10% Eu-doped SMOF-1 samples, excited at
350 nm. The experimental value that lies below the line
corresponds to the 10% Eu-doped SMOF-1 sample excited at
394 nm.
By increasing the Eu3+ concentration to 10%, the CRI and

CCT shifted closer to the set target of CRI ∼90 and CCT
∼3200 K.15 The emission spectra of the 10% Eu sample excited
between 330 and 394 nm are shown in Figure 4b. Several
narrow-band emission peaks from Eu3+ are seen and are
attributed to the parity forbidden 5D-7F transitions at ∼590 nm
(magnetic dipole transition 5D0-

7F1) and electric dipole
transitions at ∼616 nm (5D0-

7F2), 650 nm (5D0-
7F3), and 695

nm (5D0-
7F4). The overall color properties of the 10% Eu-

doped samples excited at different wavelengths are summarized
in Table 1; additionally, a direct comparative analysis with
pristine SMOF-1 is detailed in Table S2.
The Commission Internationale de l’Eclairage (CIE) has

established optimum white-light chromaticity coordinates at
(0.33, 0.33). When the 10% Eu-SMOF-1 sample is excited at
350, 360, 380, and 394 nm, the coordinates are (0.369, 0.301),
(0.309, 0.298), (0.285, 0.309), and (0.304, 0.343), respectively,
which closely approach targeted values (Figure 4b inset).
Absolute quantum yield (QY) measurements were made by
exciting the samples with diffuse light within an integrating
sphere. The QY was found to be 4.3% when excited at 330 nm,
which is modest as compared to traditional phosphors,16 but
falls within the expected range for similar reported systems.9

The PL lifetime of the broad-band emission was measured by
exciting the pristine, dried solid powder with a pulsed nitrogen
laser at 337 nm, pumping a dye laser with the output set to 380
nm. Two silicon photodiode detectors with a response time of
<1 ns were used, and the signals were averaged using a digital
oscilloscope. The observed decay of the emission was slightly
nonexponential, requiring the integration of the normalized
decay curve to obtain the harmonic average lifetime,17 which
was 6.27 ns (Figure S8a). The PL lifetime of the 10% Eu-
SMOF-1 emission was measured by exciting the doped powder
with the pulsed nitrogen laser at 337 nm; two silicon

Figure 4. (a) Plot of calculated and experimental CCTs and CRIs for
2.5, 5, and 10% Eu-doped SMOF-1. (b) Emission spectra of 10% Eu-
doped SMOF-1 when excited between 330 and 380 nm; inset: 1931
CIE chromaticity diagram highlighting corresponding chromaticity
coordinates (A−D) approaching targeted values.

Table 1. Color Properties of 10% Eu-Doped SMOF-1
Sample

λex CRI CCT (K) x y

350 (D) 63 3606 0.369 0.301
360 (C) 81 7068 0.309 0.298
380 (B) 93 8695 0.285 0.309
394 (A) 93 6839 0.304 0.343
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Cu-Based Metal−Organic Frameworks for Photovoltaic Application
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ABSTRACT: In the present study, a thin layer of Cu-based metal−organic frameworks
(MOFs, copper(II) benzene-1,3,5-tricarboxylate) is fabricated using a layer-by-layer
technique, and the layer is investigated as a light-absorbing layer in TiO2-based solar cells.
Iodine doping of the MOFs is performed to improve the conductivity and charge-transfer
reaction across the TiO2/MOF/electrolyte interface. The HOMO and LUMO energy
states of the MOF films are estimated to be −5.37 and −3.82 eV (vs vacuum),
respectively, which show a well-matched energy cascade with TiO2. For the first time, a
TiO2-based solar cell is fabricated successfully using iodine-doped Cu-MOFs as an active
layer, demonstrating a cell performance with Jsc = 1.25 mA cm−2 and Eff = 0.26% under
illumination of 1 sun radiation. In contrast, the cell with an undoped MOF layer exhibited
Jsc = 0.05 mA cm−2 and Eff = 0.008%. Electrochemical impedance spectroscopy of the cells
suggests that iodine doping significantly reduces the charge-transfer resistance.

1. INTRODUCTION
Owing to a highly porous structure with tunable pores and high
surface area, metal−organic frameworks (MOFs) are gaining
great attention.1−7 They have been investigated in diverse fields
of application such as catalysis,3,8−12 gas storage,13−18 photo-
catalysis,2,19−21 photoluminescence-based sensors,2,22,23 and
drug delivery.23 One of the interesting features of MOF
chemistry is that their structures can easily be tuned by tailoring
the solution chemistry. That is, a large diversity of metal ions
and selective organic ligands of choice can be combined to
target the MOFs with properties suitable for a particular
application. Very recently, MOFs have also been investigated in
energy harvesting2,24−27 and energy-storing devices.20−30

Owing to the endless flexibility of metal ion−ligand
coordination and infinite number of chemical and structural
possibilities of the final product, it is possible to tune the light-
harvesting property of frameworks by manipulating the
absorption edge of MOFs via the organic linker.31 This may
improve the capturing of solar radiation by the organic
“antenna” and thereby strongly enhance the photocatalytic
property and power conversion efficiency of MOF-based
devices. However, generally most MOFs exhibit insulator
behavior and only a few MOFs with some especial ligand have
been demonstrated as conductive frameworks.32−34 Hence, the
need for improved electronic properties of MOFs for
photovoltaic applications remains challenging. Previously, it
has been demonstrated that the conductivity of MOFs can be
enhanced significantly by molecular doping of iodine.35,36 This
approach can be applied to improve the charge-transfer
resistance of the MOF-based photovoltaic devices. In most
cases, MOFs are synthesized using a solvothermal approach.
Apart from this traditional approach, recently they have also

been synthesized by electrochemical37−39 and layer-by-layer
(LBL)40 techniques. As the LBL approach is supposed to be the
most suitable among the available techniques for sensitizing
wide band gap electrode materials such as TiO2 mesoporous
film, which is often used in photovoltaic devices, the same
technique is adopted in the present work.
Herein, we report the fabrication of Cu-based MOFs

(copper(II) benzene-1,3,5-tricarboxylate) using a LBL techni-
que. We demonstrate that trapping (termed “doping”) of
iodine into Cu-MOFs switches the electrical resistance of the
MOFs from an insulator to an electrical conducting regime.
Further, we show that the HOMO−LUMO energy gap and the
positions of the iodine-doped Cu-MOFs are suitable to be used
as a sensitizing layer in TiO2-based liquid junction photovoltaic
cells.

2. EXPERIMENTAL METHODS
All chemicals were regent grade and used without further
purification. Commercially available TiO2 paste was used for
the doctor blade film. Cu-MOF powder was synthesized by
solvothermal process according to the technique reported
previously.41 In brief, an equal volume of 300 mM Cu(NO3)2·
3H2O in deionized water (solution A) is mixed with 166.7 mM
of benzene-1,3,5-tricarboxylic acid (trimesic acid) dissolved in
ethanol (solution B). The resulting mixture (A + B) is stirred
for 30 min and heated under hydrothermal conditions to 383 K
for 18 h. The precipitate is filtered out and washed thoroughly
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system: a poly(3-hexyl thiophene) donor (P3HT) in conjunction
with PCBM. It was shown that annealing at a temperature above
the glass transition of the polymer enabled an enhancement of
the efficiency from 0.4% to 3.5%.

In the following years, the power-conversion efficiency could
be increased steadily. This is, to a large fraction, due to the con-
siderable amount of time that has been spent by many laborato-
ries around the world on the optimization of bulk-heterojunction
solar cells—many of them using P3HT:PCBM—but also by new
approaches. Recently, additives have been used in order to allow
an increased control of the phase segregation during film for-
mation of a copolymer–fullerene blend [1], [11], thus yielding
efficiencies of up to 6%. The process additive is a solvent for
the fullerene, but not the polymer, thus allowing the PCBM an
extended time for self-organization during the drying process. A
positive effect by heating the solvent before the film application
could also be shown [12].

Before we go into more detail about concepts to improve
the efficiency, we will discuss the function of organic bulk-
heterojunction solar cells in the next section, as we believe that
a fundamental understanding is the key for a guided device
optimization in the future.

III. DEVICE PHYSICS

A lot of progress has been made in recent years in order to
describe the elementary processes essential for the function of
organic solar cells. Here, we will give an overview of the cur-
rent level of understanding. The sequential processes involved
in the light-to-electricity conversion are depicted schematically
in Fig. 1, together with a typical device configuration of a bulk-
heterojunction solar cell. The donor–acceptor blend is sand-
wiched between two electrodes with different work functions.
The anode consisting of a transparent conductive oxide, such
as indium tin oxide, which is covered by a highly conduct-
ing organic semiconductor, poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS). The cathode is often Al,
Ca/Al, or LiF/Al [9], [13], [14]. In recent years, inverted
structures with exchanged cathode–anode position were used
[15]–[17].

First, light is absorbed by the semiconductor blend, usually
by the conjugated polymer donor, leading to the generation
of singlet excitons [see Fig. 1(a)]. These excitations, which
can be considered as strongly bound electron–hole pairs, can-
not dissociate with a reasonable yield by themselves, which is
the reason why single layer organic solar cells do not show
adequate efficiencies. However, excitons can diffuse along the
polymer chains [see Fig. 1(b)]. If they come close to an acceptor
molecule during their lifetime, the charge transfer of the electron
to the fullerene acceptor takes place [see Fig. 1(c)]. This elec-
tron transfer occurs—due to the distributed heterointerface—in
the whole layer on the time scale of femtoseconds; therefore,
alternative processes are usually suppressed. If, however, the
phase separation of the donor–acceptor blend is unfavorable, a
loss mechanism can occur: An exciton diffusion length being
smaller than the path to the closest acceptor leads to the singlet
excitons recombining radiatively. Once the electron transfer has

Fig. 1. Basic processes for the conversion from light to current of an or-
ganic bulk-heterojunction solar cell (not drawn to scale). (a) Light absorp-
tion by the polymer, exciton generation. (b) Exciton diffusion. (c) Ultrafast
charge transfer of the electron to the fullerene; the hole remains on the polymer.
(d) Dissociation of the still Coulomb-bound charge pair and charge transport
to the respective electrodes. (e) Charge extraction, photocurrent generation.
(f) Charge recombination. (Bottom) Typical device configuration of a bulk-
heterojunction solar cell. The donor–acceptor blend, around 100 nm thick, is
sandwiched between two electrodes with different work functions. The anode
consists of a transparent conductive oxide, such as indium tin oxide, which is
covered by a highly conducting organic semiconductor, PEDOT:PSS. As cath-
ode, often Al, Ca/Al, or LiF/Al are used. The light enters through the glass
substrate.

occurred, the electron on the fullerene and the hole on the con-
jugated polymer are still strongly Coulomb bound due to the
weak screening in organic semiconductors. The charge pair in
this state is called charge-transfer complex or polaron pair. This
polaron pair has to be dissociated into two independent charges,
for instance, by help of the electric field. Only now can the
charges can be transported separately—by a thermally activated
hopping process—to the corresponding electrodes: The elec-
tron hops on a percolated path of fullerens toward the cathode,
whereas the hole moves on the polymer chains to the anode [see
Fig. 1(d)]. Finally, the photogenerated charges are extracted at
the electrodes [see Fig. 1(e)], generating a photocurrent. Alter-
natively, two opposite charges meeting each other during charge
transport can recombine [see Fig. 1(f)].

Next, we will consider the outlined processes in some more
detail. Also, we point the interested reader to some recent
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reason for the different film texture lies in the enhanced inter-

actions of the COOH surface groups with the paddle-wheel Cu2
dimeric units in the (100) plane, while the OH groups exhibit

preferential binding to the apical position of the Cu2+ ions situ-

ated in the (111) lattice plane.24,31 In contrast with these previous

results,13,31 Cu3(btc)2 growth on QCM crystals using continuous-

flow conditions results in less oriented films with some preferred

orientation along the (100) direction for COOH-terminated

SAMs and (111) texture for OH-terminated SAMs. Shekhah

et al. observed a similar behavior by correlating the differing film

orientations obtained for Cu3(btc)2 grown on carboxylate- vs.

hydroxyl-terminated SAMs with the composition of the growth

surface expected from the crystal structure.13 As far as

Cu3(btc)2@SiO2 and Cu3(btc)2@Al2O3 coatings are concerned,

in both cases the films are polycrystalline, with a slight preferred

orientation along the (111) direction. Oxygen plasma treatment

of SiO2 and Al2O3-coated QCM crystals is known to produce

highly hydroxylated {Si–OH} and {Al–OH} surfaces.46 These

groups have remarkably high polarity and most likely interact

with the water molecules of the [Cu2(CH3CO2)4(H2O)2] paddle-

wheel secondary building units (SBUs), facilitating the growth

along the (111) crystallographic direction.

The difference in global deposition rates on silica and alumina

extends to the temperature dependence, which was determined

from Eyring–Polanyi plots obtained over a large number of

growth cycles and five temperatures (20–62 !C; Fig. 5a and b). As

in the case of the QCM-D measurements, higher temperature

accelerated theMOF growth for both SiO2 and Al2O3 substrates.

The overall activation energy for Cu3(btc)2 film growth was

derived from the Eyring–Polanyi plots in Fig. 5 and is 14.6 "
1.2 kJ mol#1 for silica and 11.9 " 1.1 kJ mol#1 for alumina. This

difference is consistent with the larger mass uptake during

Cu3(btc)2 growth on alumina compared to silica.

The reason for this unexpected, but statistically significant,

difference in activation energy between the two oxides under

similar flow rates and reactant concentrations is unclear. This

difference might originate in differing surface morphologies for

the two substrates, which potentially could have various

concentrations of active sites on the surface, resulting in

a coverage dependence for the adsorption of reactive precursors

from the solution. If this is the case, some difference in the

surface properties of the coatings might be observable. Addi-

tional characterization was performed to test this hypothesis.

First, a comparative analysis of the GIXRD results reveals that

the MOF film on silica has a slightly larger degree of texture

along the (100) crystallographic direction, which may indicate

a more homogeneous growth. Second, the surface roughness of

the Cu3(btc)2@Al2O3 film is greater than that of the film grown

on silica. The measured RMS surface roughness of

Cu3(btc)2@SiO2 film is 6.4 nm, while the corresponding value for

Cu3(btc)2@Al2O3 film is 10.0 nm (Fig. S4, ESI†). This is

consistent with an overall higher rate of growth on alumina.

Additional evidence supporting this explanation is that the

growth rate on alumina increases with time, particularly at 52

and 62 !C, resulting in noticeable curvature in the mass vs. time

plot (Fig. 5b). The deviation from the linearity at higher

temperatures does not necessarily mean that a different growth

mechanism is operative; instead, it may arise from the deposition

of Cu3(btc)2 on non-planar surfaces. Rougher films presumably

have higher surface areas; as growth proceeds, the surface area

may actually increase, leading to an increase in the rate with time,

similar to the observed growth of self-propagating molecular

assemblies.49 Unfortunately, since we cannot control the surface

area or reactive site density of our substrates, this explanation is

at best speculative at this point.

As mentioned above, the smoothest HKUST-1 films were

grown on silica surfaces. We also observe that the full-width at

half-maximum (FWHM) of the Cu3(btc)2@SiO2 film diffraction

peaks is narrower than that of films grown on other substrates,

which may indicate to higher film crystallinity. It is therefore

tempting to correlate surface roughness with the crystallinity (or

even the extent of disorder) of the films. Unfortunately, this is

difficult to do reliably, since the film roughness determined by

AFM is due to small nanometre-sized surface features, while the

total film thickness contributing to the observed diffraction

pattern is much larger, of the order of 100 nm. Furthermore, we

note that the observed FWHM of a sample’s GIXRD can be

influenced by a number of factors, such as grain size and micro

strain of the film. Thus, a much more detailed experimental effort

will be required to determine what relationship, if any, exists

between bulk film crystallinity and surface order, which is

outside the scope of this initial investigation of HKUST-1

growth kinetics.

A previous study by Khan et al. reported an activation energy

value of 133 kJ mol#1 for bulk Cu3(btc)2 growth from Cu(NO3)2
under solvothermal conditions.50 This value is consistent with the

observations of Shekhah et al.,13 who found that HKUST-1

growth from the nitrate salt is much slower than from the acetate,

presumably because pre-formed SBUs do not exist in solution.

The global activation energies of 14.6 " 1.2 and 11.9 " 1.1 kJ

mol#1 that we observe for Cu3(btc)2 thin film growth on silica and

alumina, respectively, support this hypothesis, being about an

order of magnitude lower than the bulk value. This suggests that

growth of HKUST-1 on surfaces from nitrate might occur at

reasonable rates under solvothermal conditions. Unfortunately,

Fig. 4 Grazing incidence XRD diffraction patterns at u ¼ 0.2! for

Cu3(btc)2 films deposited on COOH-terminated SAM, OH-terminated

SAM, SiO2 and Al2O3 surfaces, in comparison with bulk HKUST-1. For

clarity, only selected hkl reflections of bulk Cu3(btc)2 are labeled.

1536 | Chem. Sci., 2012, 3, 1531–1540 This journal is ª The Royal Society of Chemistry 2012
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1996; Weld et al., 1999). Additional capabilities of acoustic wave
sensors include remote operation and passive interrogation (Guhr
et al., 2005; Reindl et al., 1996). In recent years, the interest in the
development of highly sensitive acoustic wave devices as biosensor
platforms has grown. Biosensors are analytical devices that com-
bine a biologically sensitive element with a physical transducer to
selectively and quantitatively detect trace amounts of biological
samples (Andle and Vetelino, 1995; Ballantine et al., 1997; Cavic
et al., 1999; Janshoff et al., 2000).

This review is focused on acoustic wave microelectromechan-
ical systems (MEMS) biosensors that are fabricated using MEMS
techniques such as lithography, etching, deposition of thin metal
films and sputtering of piezoelectric thin layers. The MEMS  fab-
rication of the acoustic wave biosensors enables the integration
of these devices with the corresponding electronic circuits. The
compatibility of the piezoelectric layer fabrication with the MEMS
technology is critical for robust sensor fabrication. Sensors fabri-
cated using standard complementary metal oxide semiconductor
(CMOS)-MEMS technology facilitate the integration of the acous-
tic wave devices with the electronic circuits (necessary for data
acquisition) on a single silicon chip. The CMOS-MEMS fabrication
performed by a CMOS foundry reduces the production costs of the
acoustic wave biosensors considerably.

To contain or to allow biological fluids to flow on the acoustic
wave MEMS  biosensors, micro-fluidic channels have to be placed on
top of the sensors. The method to integrate the acoustic wave MEMS
biosensors with micro-fluidic depends on the type of biological
application. For some acoustic wave MEMS  biosensors, the sen-
sor and the micro-fluidic channel or reservoir are fabricated at the
same time. Other acoustic wave MEMS  biosensors are integrated
in polymer microfluidic chambers after the sensor fabrication has
been completed.

For biological detection the biosensor is functionalized with spe-
cific molecules. When a bioanalyte interacts with this sensing layer,
physical, chemical, and/or biochemical changes are produced. Mass
and viscosity changes of the biospecific layer can be detected by
recording changes in the acoustic wave properties such as velocity,
attenuation, resonant frequency and time delay. The main advan-
tage of the SAW devices is the fact that they can be operated with
simple and cheap electronic components. Fully integrated systems
include the sensors, its readout circuitry and a microfluidic system
integrated with the biosensor chip. The measurement of the reso-
nant frequency or time delay can be performed with high degree
of precision using electronic systems. In the last decade, robust
and portable acoustic wave devices used for biological applications
have gained attention. The majority of these devices were fabri-
cated on thick commercial piezoelectric substrates such as lithium
niobate (LiNbO3), lithium tantalate (LiTaO3) and quartz (Arruda
et al., 2009; Bender et al., 1997, 2000; Bisoffi et al., 2008; Branch
and Brozik, 2004; Dahint and Bender, 1998; Gizeli et al., 2003; Grate
and Frye, 1996; Guhr et al., 2005; Jakoby and Vellekoop, 1997; Josse
et al., 2001; Kovacs et al., 1992; Länge et al., 2008; Lec, 2001; Moll
et al., 2007; Schweyer et al., 1997; Vellekoop et al., 1987, 1994;
Welsch et al., 1996; White and Voltmer, 1965).

This review paper first presents acoustic wave biosensors fab-
ricated using MEMS  technology that could be integrated with
electronic circuitry on a single silicon chip. Piezoelectric films
fabricated using MEMS  technology are thinner, can reach higher
frequencies and offers the advantage of monolithic integration with
the advanced CMOS technology for peripheral readout and sig-
nal processing circuitry. These devices include MEMS  film bulk
acoustic wave resonators (FBAR), surface acoustic wave (SAW)
resonators and delay lines. Integration of these (FBAR, SAW res-
onators and delay lines) in micro-fluidic systems are described next.
Micro-reservoirs which contain the biological fluids under test can
be placed either on top or underneath the MEMS  biosensor. The

Fig. 1. SAW delay line biosensor integrated in a microfluidic channel. The surface
between the IDTs is coated with antibodies sensitive to the analyte to be detected.
The analyte molecules binding to the immobilized antibodies on the sensor surface
influence the velocity of the SAW and hence the output signal generated by the
driving electronics.

micro-fluidic systems are usually fabricated using polymers and
offer protection to the water-sensitive electronics. Sensor func-
tionalization using specific antibodies or antigen is also described.
The antibodies or antigen promote binding between the molecules
under test and the sensor surface. Finally, this review article
concludes with an analysis of successful MEMS  acoustic wave
biosensors and its potential usage in arrays.

2. Acoustic wave based MEMS  devices as biosensors

MEMS  technology uses manufacturing techniques perfected in
the integrated circuit (IC) foundries to fabricate miniature mechan-
ical and biological systems. The obvious advantage of using IC
fabrication techniques is that the biosensors can be mass-produced,
are low-cost, small sized and portable. The current trend in MEMS
technology is to incorporate both the acoustic wave sensor and its
signal processing circuits on a single silicon substrate. There are
several published papers describing interesting biological applica-
tions of acoustic wave based devices (Arruda et al., 2009; Bender
et al., 1997, 2000; Bisoffi et al., 2008; Branch and Brozik, 2004;
Dahint and Bender, 1998; Gizeli et al., 2003; Grate and Frye, 1996;
Guhr et al., 2005; Jakoby and Vellekoop, 1997; Josse et al., 2001;
Kovacs et al., 1992; Länge et al., 2008; Lec, 2001; Moll et al.,
2007; Schweyer et al., 1997; Vellekoop et al., 1987, 1994; Welsch
et al., 1996; White and Voltmer, 1965). The majority of the biosen-
sors presented in these papers are based on a thick piezoelectric
substrate as; lithium niobate, lithium tantalate or AT-cut quartz
(Bender et al., 2000; Bisoffi et al., 2008; Branch and Brozik, 2004;
Dahint and Bender, 1998; Gizeli et al., 2003; Guhr et al., 2005; Josse
et al., 2001; Moll et al., 2007; Schweyer et al., 1997; Welsch et al.,
1996). Even though these acoustic wave based sensors demon-
strated high sensitivities to biological analytes, the focus of this
review paper is on acoustic wave MEMS  biosensors, for which
the thick piezoelectric layer characteristic to conventional acoustic
wave biosensors is replaced with thin piezoelectric layer fabricated
using MEMS  technology.

The current biomedical applications of the acoustic wave based
MEMS  devices focuses on two  types of devices: FBAR and SAW. The
FBAR device is fabricated from a thin layer of piezoelectric mate-
rial with excitation electrodes fabricated on both sides of the thin
piezoelectric film. The acoustic waves propagate unguided through
the volume of the thin piezoelectric film. The detection mechanisms
occur at the opposite surfaces of the piezoelectric film. As shown
in Fig. 1, SAW devices have the interdigitated transducers (IDTs)
excitation electrodes fabricated on the one side of the piezoelectric
film. As a result, the SAW devices have the acoustic waves prop-
agating along the surface of the piezoelectric substrate. The SAW
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selectivity to the device 



SAW	
  sensor	
  coated	
  with	
  HKUST-­‐1	
  (Cu3(BTC)2)	
  
Sensor	
  response	
  >	
  4	
  orders	
  of	
  magnitude	
  in	
  H2O	
  concentra(on	
  

-85C 
-75C 

-65C 
-50C 

-35C 

-20C 

-5C 

10C 

0 500 1000 1500 2000 2500 -0.59 

-0.585 

-0.58 

-0.575 

-0.57 

-0.565 

-0.56 

-0.555 

-0.55 

-0.545 

12,300 ppmv 

280 ppb 

MOF-­‐coated	
  MEMS	
  devices	
  can	
  compete	
  with	
  
state-­‐of-­‐the-­‐art	
  sensors	
  

Robinson	
  et	
  al.	
  Analy?cal	
  Chem.	
  84	
  (2012),	
  7043	
  	
  

H2O vapor detection 

Cu3BTC2	
  (HKUST-­‐1)	
  



Response to acetone: ZIF-8 vs. HKUST-1 

•  Acetone	
  LOD:	
  ~	
  30	
  ppm	
  
•  No	
  response	
  to	
  water	
  vapor	
  (above)	
  
•  No	
  response	
  to	
  N2,	
  CH4,	
  CO2	
  

ZIF-­‐8	
  (450	
  nm	
  film	
  on	
  SiO2)	
  
Response	
  to	
  humidity	
  

HKUST-­‐1	
  (~100	
  nm	
  film	
  on	
  SiO2)	
  
Response	
  to	
  acetone	
  pulse	
  

•  Fast	
  response	
  to	
  H2O	
  
•  H2O	
  LOD:	
  <	
  1	
  ppm	
  	
  
•  No	
  response	
  to	
  N2,	
  CH4,	
  CO2	
  

H2O 

Frost pt. 



Vd Vg 

MOF semiconductor 

Vd 

Vg 

Silicon 

Vd Vg 

Polymer semiconductor 

+ 
•  Flexible 
•  Tunable w/ chemistry 
•  Low cost fabrication 
•  Poor mobility 
•  Instability 
•  Low free carrier densities 

•  High mobility 
•  Stability 
•  High cost 
•  Non-flexible 
•  Radiation damage 

•  Structurally flexible 
•  Tunable w/ chemistry 
•  Scalable to nanometers 
•  Low cost fabrication 
•  Reconfigurable electronics 
•  Rad-hard 
•  Novel electronic material 

Crystalline inorganic semiconductor 

Disordered organic 
semiconductor 

Crystalline MOF semiconductor 

MOFs	
  as	
  electronic	
  materials	
  combine	
  features	
  of	
  
inorganic	
  and	
  organic	
  conductors	
  

n n 

MOFs	
  combine	
  features	
  of	
  inorganic	
  and	
  organic	
  materials	
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Zn+2(NO3)2 + 
- 

Most MOFs are Insulators, Lack Delocalized p-
Network 

M. D. Allendorf, A. Schwartzberg, V. Stavila, A. A. Talin, 
Chemistry – A European Journal 17, 11372 (2011). 

- 

http://oelectronics.weebly.com/
organic-semiconductors.html C. H. Hendon, D. Tiana, A. Walsh, Phys. 

Chem. Chem. Phys., 2012, 14, 13120 
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- 

Can a ‘guest’ provide coupling between SBUs to 
create a conduction path? 

•  Open metal sites 
•  Delocalized π-electrons 
•  Strong ligand-metal coupling 

Requirements: 



Guest@MOF:	
  Emergent	
  proper(es	
  by	
  infiltra(ng	
  
with	
  guest	
  molecules?	
  

Cu2(BTC)3	
  
(HKUST-­‐1)	
   

TCNQ 

TCNQ	
  loading:	
  ~	
  1	
  molecule/large	
  pore	
  



TCNQ! Cu2(BTC)3 leads to color change… 
MOF	
  film	
  grown	
  by	
  layer-­‐by-­‐

layer	
  method	
  
MOF film on SiOx with Pt 

electrodes 

MOF film + TCNQ 



…	
  and	
  >107	
  increase	
  in	
  conduc(vity,	
  air	
  stable	
  >	
  1	
  year	
  

Ea=41±1 meV 

Hopping conduction 

E 

x 

What	
  is	
  the	
  mechanism?	
  

Ohmic	
  conducCon	
  



Proposed	
  conduc(vity	
  mechanism:	
  Cu2(btc)4	
  paddlewheels	
  
bridged	
  by	
  TCNQ	
  

ConCnuous	
  TCNQ@CuBTC	
  pathway	
  is	
  achievable	
  with	
  4	
  TCNQs	
  	
  
Experimental	
  loading	
  =	
  8	
  TCNQs/unit	
  cell	
  à	
  two	
  conCnuous	
  pathways	
  are	
  possible	
  	
  

Percolation model 
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(a) (b) (c) 

(d) (e) (f) 

33.4 oC 43.4 oC 

K. J. Erickson, F. Léonard, V. Stavila, M. E. Foster, C. D. Spataru, R. E. Jones, B. M. 
Foley, P. E. Hopkins, M. D. Allendorf, and A. A. Talin, Advanced Materials, accepted 

S, σ increase with temperature 
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Thermal conductivity measured by Time Domain 
ThermoReflectance (TDTR) (P. Hopkins group) 
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Large Seebeck, low κ, but σ still too low… 

K. J. Erickson, F. Léonard, V. Stavila, M. E. 
Foster, C. D. Spataru, R. E. Jones, B. M. Foley, 
P. E. Hopkins, M. D. Allendorf, and A. A. Talin, 
Advanced Materials, accepted G. H. Kim, L. Shao, K. Zhang, K. 

P. Pipe. Nat. Mater. 2013, 12, 719 



Four	
  basic	
  roles	
  for	
  MOFs	
  in	
  devices	
  

§  Adsorbant:	
  provide	
  sensiCvity	
  and	
  selecCvity	
  (sensing)	
  
§  Electronic:	
  passive	
  (low-­‐k	
  dielectric)	
  
§  Electronic:	
  acCve	
  (sensing;	
  thermoelectrics;	
  logic)	
  
§  Light	
  absorbing/emikng:	
  energy	
  harvesCng,	
  radiaCon	
  

detecCon	
  
§  Template	
  or	
  scaffold:	
  ordered	
  structures	
  for	
  improving	
  

exciton	
  harvesCng	
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